Highlights 26 • l and k light chain diversity is equivalent to heavy chain diversity 27 • High diversity is present despite limited gene segment usage 28 • PRRSV infection increases abundance of dominant l and k VJ clones 29 • High levels of variation are present among animals 30 31 Abstract 32 Antibody responses are fundamentally important to effector and memory mechanisms of disease 33 resistance. Antibody repertoire diversity and its response to natural infection is poorly understood, yet is a 34 prerequisite for molecular and structural elucidation of functionally protective immunity to viral 35 infections. Using a swine model of mammalian viral infection, we observed marked changes following 36 infection with the major porcine pathogen, porcine reproductive and respiratory syndrome virus 37 (PRRSV). Deep sequencing of >516,000 light chain VJ mRNA genes showed that, similar to humans, 38 swine utilize both lambda and kappa loci equivalently. However, V and J gene usage were highly 39 restricted; ≥99% of lambda light chains were IGLV3 and IGLV8 family members joined to IGLJ2 or 40 IGLJ3, and 100% of kappa locus transcripts were IGKV1 or IGKV2 with only IGKJ2. Complementarity-41 determining region (CDR) variation was limited. Nevertheless, total diversity richness estimates were 2.3 42 x 10 5 for lambda and 1.5 x 10 5 for kappa, due in part to extensive germline variation in framework regions 43 and allelic variation. Infection by PRRSV reduced total richness due to expression of several highly 44 abundant clonal populations. Antibody light chain repertoires differed substantially among individuals, 45 thus illustrating extensive potential variation in immune response in outbred populations. These findings 46 demonstrate that individual variation in light chain repertoires may be an important component of variable 47 antibody responses to infection and vaccination, and that swine are a relevant model of human antibody 48 diversification in which the immune response capacity is critical to understanding individual variation in 49 immune protection against disease. 50 51
Introduction

52
Outbred populations of humans and animals show extensive individual variation in the efficacy of 53 immune responses to natural infections and vaccinations, even though genetic and biochemical 54 mechanisms used to generate diversity within individual animals have an enormous capacity for 55 recognition of antigenic structures. For example, the BCG (Bacillus Calmette-Guérin) vaccine provides a 56 wide range of protection against tuberculosis in humans, ranging from nearly ineffective to nearly 57 completely effective (1, 2) . Vaccination of pigs against foot and mouth disease virus (FMDV) is 58 characterized by significant animal-to-animal variation in anti-FMDV IgA (3); and post-vaccination anti-59 FMDV antibody responses in cattle are significantly affected by genetic background (4). Furthermore in 60 swine there is substantial antibody response variation to vaccination against Actinobacillus 61 pleuropneumoniae and to infection with Mycoplasma hyorhinis (5, 6) . While many factors may account 62 for individual variation in the immune response to an antigen, the size of the antibody repertoire and 63 variation in repertoire composition could be significant host-dependent factors.
65
Swine are susceptible to a range of bacterial and viral contagions similar or identical to those in humans.
66
As in other species, the porcine immunoglobulin genes are organized in three loci: a heavy chain locus on 67 chromosome 7 and kappa (IGK) and lambda (IGL) light chain loci on chromosomes 3 and 14, 68 respectively (7) . We previously characterized the genomic organization of the kappa and lambda light 69 chain immunoglobulin loci (8, 9) . Within the kappa locus, there are three functional IGKJ genes and the 70 first 14 IGKV genes have been identified, of which nine are putatively functional (8). The porcine lambda 71 locus possess two functional IGLJ genes and 12 putatively functional IGLV genes belonging to three 72 families, of which the IGLV3 and IGLV8 families comprise the vast majority of known expression (9, 10).
73
We also previously identified substantial allelic variation among the germline IGLV (11) and described 74 IGLV3-6 which is present in some animals as either a pseudogene or as a functional highly expressed 75 gene (12).
77
To further analyze the diversity of the light chain repertoire and its response to disease challenges, we 78 sequenced and analyzed antibody light chain amplicon libraries obtained from healthy and virally-79 infected pigs. The analyses confirmed limited combinatorial diversity, yet extensive complementarity-80 determining region (CDR) and framework variation, likely arising from somatic hypermutation. Marked 81 changes in abundance and repertoire diversity were observed following porcine reproductive and 82 respiratory syndrome virus (PRRSV) infection that were indicative of clonally amplified and potentially 83 PRRSV-specific B cells. Our observations also suggest that the utilization (or lack thereof) of IGLV3-6 84 may skew the antibody repertoire toward expressing other genes at higher levels.
86
Materials and Methods
87
Samples
88
The animal studies were reviewed and approved by the University of Minnesota Institutional Animal Care 89 and Use Committee. Lymphoid tissues (spleen, palatine tonsil, inguinal lymph node, and bronchial lymph 90 node) from five genetically-similar, commercially-sourced piglets were obtained from a previous study 91 (13) . Piglets were challenged with virulent PRRSV strain JA142 (n=3) or not (n=2) at 3-4 weeks of age 92 and tissues were harvested 63 days after infection and stored in RNAlater (Ambion/Thermo-Fisher).
93
Tissues were homogenized and total RNA was extracted using the RNeasy Mini Kit (Qiagen) and reverse 94 transcribed using the QuantiTect Reverse Transcription Kit (Qiagen).
96
Library generation and sequencing 97 Primers were designed in Primer3 set to default parameters (14). IGKV and IGLV gene family-specific 98 forward primers were designed using the conserved leader region sequences from annotations of the 99 porcine kappa and lambda loci. In order to detect possible functional alleles of previously annotated 100 pseudogenes, forward primers were designed such that all known kappa and lambda V genes could be 101 amplified from cDNA regardless of functionality. Hence, the leader region for IGLV8-21, a pseudogene, was distinct enough to warrant a separate forward primer (Table 1) . Reverse primers were designed to be 103 specific for IGKC and the three nearly identical IGLC genes (8, 9) .
105
The Roche 454 Titanium fusion adapter A (5'-CGTATCGCCTCCCTCGCGCCATCAG) was added to 106 the 5' end of each forward primer and fusion adapter B (5'-CTATGCGCCTTGCCAGCCCGCTCAG) was 107 added to the 5' end of each reverse primer. Ten base pair molecular ID tags were added to the forward 108 primer between the fusion adapter and the template-specific sequence to identify animal source. PCR 109 reactions were performed separately by tissue and products were pooled according to pig, quantified, and 142 101,714 reads (64%) matched most closely to genes from the IGKV1 family and 58,007 matched most 143 closely to the IGKV2 family ( Fig. 1A) . IGKJ2 accounted for the vast majority of J gene usage (Fig. 1A ).
144
In contrast, IGKJ3 and IGKJ5 were not expressed and both IGKJ1 and IGKJ4 were expressed at very low 145 levels (approximately 1% of all IGKJ genes). There was no discernable association between IGKJ and 146 IGKV gene usage. Compared to the annotated germline sequences for IGKV, the median number of 147 predicted amino acid mismatches varied from 3 for IGKV2-6 to 10 for IGKV1-11 ( Fig. 1E ). No major 148 differences in IGKV gene usage were noted between individual pigs. Of the nine putatively functional 149 IGKV genes, two (IGKV1-7 and IGKV1-14) were not expressed in any of the five pigs. were dominated by IGLV8 family members (67.6%), followed by IGLV3 family members (32.4%), and 154 low expression (0.03%) of IGLV5-14 also was observed ( Fig. 1B) . IGLJ gene usage was divided between 155 IGLJ2 (59% of total reads) and IGLJ3 (41% of total reads), and neither IGLJ1 nor IGLJ4 were expressed 156 ( Fig. 1B) . There was no association between specific IGLV and IGLJ genes, as was observed for IGK.
157
One apparently functional gene, IGLV2-6, showed no expression in any of the five animals, even though a 158 conserved forward primer specific for the IGLV2 leader region was used for PCR amplification (Table 1) , 159 and post-PCR purification of a gel slice in the expected size range was included in the amplicon pool that 160 was sequenced. The PCR amplifications for the pseudogene IGLV8-21 typically yielded a faint band of 161 appropriate size. However, our sequence analysis failed to identify transcripts from this gene, suggesting 162 that these products were non-specifically amplified transcripts from other members of the IGLV8 family.
164
Of the IGLV3 genes, IGLV3-3 and IGLV3-6 are the most highly expressed, yet this expression varies 165 substantially between individuals. Pig 1 is known to be homozygous for a deletion of IGLV3-6 and pig 2 166 likely possesses a different allele (12). In these animals, IGLV3-6 transcripts were therefore either absent 167 entirely or expressed at a relatively low level, respectively, compared to the other individuals. In contrast, 168 IGLV3-3 expression was higher in pigs 1 and 2 compared to the others (Fig. 1D ). The usage of IGLV3-6 169 was variable between the five pigs (12). Interestingly, in pig 1, which was previously found to completely 170 lack this gene, IGLV3-3 was almost exclusively the only IGLV3 family member expressed (Fig. 1D) . In 171 the other animals found to possess a functional copy, however, IGLV3-6 was one of the most highly 172 expressed genes in the light chain repertoire (Fig. 1D ). 
177
However, we did observe some variation among the putatively functional light chain transcripts.
178
Approximately 12.5% of IGK CDR3s differed in length from the germline encoded 9 amino acids, with a range of 4 to 16 amino acids. In contrast, 33.5% of IGL CDR3s differed from the canonical 10 or 11 180 amino acids, ranging from 4 to 23 amino acids in length (Fig. 2 ).
182
Diversity and richness of the IGK and IGL repertoires 183 Log-log abundance curves indicate a power-law distribution in which the vast majority of light chain 184 sequences are exceptionally rare and a small number are very common (Fig. 3) . The most abundant clones 185 represented >1% of the total repertoire, while more than 50% of all sequences were singletons (IGK: 186 51.2±5.85%; IGL: 55.4±6.96% (mean±1 standard deviation)). Chao1 repertoire richness was estimated 187 using deduced amino acid sequences for the full length V-J region from each animal. Lower bound 188 richness estimates of 1.6 x 10 5 to 2.8 x 10 5 molecules per pig were obtained for the IGL repertoire and 189 estimates of 1.1 x 10 5 to 1.7 x 10 5 molecules per pig were obtained for the IGK repertoire ( Fig. 4) . Their 190 sum approximates the estimated richness of the porcine heavy chain VDJ (~2.7×10 5 ; Schwartz and 191 Murtaugh, unpublished data).
193
The presence of dramatic allelic variation in some V genes, particularly for IGLV3-6, suggests that 194 framework variation in the IGLV and IGKV family members might contribute to light chain repertoire 195 diversity (12). Phylogenetic analysis showed high levels of nucleotide sequence variation within and 196 between expressed light chain family members, varying by up to 11% and 15% pairwise differences 197 within IGKV1 and IGKV2, respectively, and 8% and 28% in IGLV8 and IGLV3, respectively, while the 198 highest pairwise similarity between family members varied from 43% (IGKV1 versus IGLV5) and 62% 199 (IGLV3 versus IGLV8) (Fig. 8) . The framework region of IGLV3-3 is also distinct from the other IGLV3 200 family members (Fig. 5 ). Within each group, variation is present in framework and CDR regions, with 201 only the CDR3 region showing extensive variation, in part because of CDR3 length variability.
203
The anti-PRRSV response 204 PRRSV infection caused a shift in light chain abundance distributions toward fewer, more abundant light 205 chain sequences. Individual clonal populations were identified that accounted for one to three percent of 206 the entire repertoires of individual pigs (Fig. 3) . Individual variation in the abundance of specific clones is 207 striking. The most abundant IGLV-IGLJ clone in this study, clone A in pig 1, was not present in 208 uninfected pigs 3 and 4 and also was rare in PRRSV-infected pig 3 (Supplemental Table 1 ; Supplemental 209 Table 2 ). The five most abundant clones in PRRSV-infected pig 1 were also present in infected pigs 2 and Table 1 ). Amino acid sequence variation in abundant lambda clones was 216 due primarily to mutations in both framework and CDR regions. The CDR1 region showed 4 sequence 217 motifs with lengths of 5, 6 (n=2) and 9 amino acids, while CDR2 had no length variation and CDR3 218 length was 8±1 amino acids with one exception of 11 aa (Supplemental Table 2 ).
220
Unlike the IGL, abundant kappa clones in every case were mutated from the germline sequence, with an 221 average of 7.4 amino acid differences in IGKV ( Supplemental Table 3 ), compared to an average of 1.6 in 222 lambda clones. These differences are nearly entirely mutational, as there were no length differences in 223 CDR2 or CDR3, and only 3 length classes (6, 10, and 11 aa) in CDR1 (Supplemental Table 4 ). Kappa Table 3 ). 
241
The IGK repertoire in the present study is dominated by the expression of only two genes, IGKV2-10 and 242 IGKV1-11, of which the latter is more highly expressed than the former. This result contrasts previous 243 reports suggesting that IGKV2 family members are more abundantly expressed, at least among pre-244 immune piglets (8, 23). Two putatively functional V genes, IGKV1-7 and IGKV1-14, lack a canonical 245 octamer (ATCTGCAT) and both possess a non-canonical 5' splice site in their intron (GT -> GG). As 246 shown in Figure 2 , there is a notably high level of sequence divergence in IGK transcripts from the 247 germline annotation of the 14 most C-proximal IGKV genes in the locus (9). Since a high degree of 248 heterozygosity was present, it is possible that individual diversity may be due to allelic variation, as has 249 been shown in IGLV genes (11, 12) . Allelic variation also has been shown in humans to significantly 250 affect repertoire diversity (24, 25). However, whereas previous studies focused on heavy chain repertoire 251 diversity and variation, we show here that light chain variation also makes a substantial contribution to 252 overall antibody diversity using mechanisms that do not involve large CDR3 length variation and amino 253 acid sequence replacement. Thus, generation of light chain repertoire diversity lies at the opposite end of 254 the spectrum from bovine heavy chain diversity generation characterized by unusually long and complex 255 CDR3 regions (26).
257
Diversity estimates as well as the raw sequencing results indicate that lambda expression accounts for 55 258 to 60% of total light chains, and consists overwhelmingly of IGLV8 family members, followed by IGLV3 259 family members. These results are consistent with previous reports of the pig lambda repertoire (10, 27), 260 which also suggested that there are age-dependent changes in IGLV usage. Although putatively 261 functional, IGLV2-6 was not expressed in any of the five animals studied. Our previous analysis indicated 262 that this gene lacks a conserved octamer in the promoter region (ATTTGCAT -> ATTTGTAT) and a 263 conserved heptamer in the recombination signal sequence (CACAGTG -> TACAGTG), which together 264 appear to account for its lack of functional expression (9). Both IGKV and IGLV showed limited CDR 265 diversity but substantial framework variation that is most striking in the IGKV3 family. The broad 266 distribution of amino acid variation, encoded in the DNA, across the majority of the light chain VJ 267 regions, creates extensive diversity and, presumably, in the structural stability of the antibody molecule. It 268 also increases the likelihood that allelic variation will contribute substantially to variation in the antibody 269 responses of individual animals to antigenic challenge.
271
Viral infection skewed light chain responses to more highly abundant clones which is suggestive of 272 antigen-driven clonal expansion. It was previously argued that PRRSV induces a pronounced nonspecific 273 B-cell activation and hypergammaglobulinemia that also could skew antibody responses to abundant, 274 antigen-independent clones due to its persistence in the host. However, it is apparent now that PRRSV 275 infections are resolved completely, and that evidence is lacking for hypergammaglobulinemia in 276 conventional swine infected or vaccinated with PRRSV and reared under a variety of conditions (28). The 277 specificity of highly expressed light and heavy chains is resolvable due to the ability to clone and express 278 recombinant antibodies. Therefore, we expect that the antigen specificity of highly abundant clones will 279 be determined in later studies. 280 281 Interestingly, pig 1 showed a marked reduction in total estimated richness in the lambda repertoire 282 compared to the other four individuals. The reduction appears to be due to genetic constraints in the C-283 proximal IGLV3 gene cluster. In particular, the sequences obtained from this animal indicated a high 284 degree of IGL homozygosity. Within the C-proximal IGLV cluster, only IGLV3-3 was expressed at high 285 levels, while the other IGLV3 genes were nearly unused. In addition, IGLV3-6 expression was absent. As 286 the most abundantly expressed antibody sequence from this animal was of IGLV3-3 origin, it is possible 287 that the reduction in richness was due to genetic constraints and not PRRSV infection. Taken together, the 288 findings show that the light chain repertoire is equivalent in size and complexity to the heavy chain 289 repertoire, in the range of 10 5 to 10 6 unique light chains per individual, with fully half of the sequences 290 present as singletons. These richness estimates closely resemble the reported richness of the human light 291 (1.6 x 10 5 ) and heavy (2.2 x 10 5 ) chain repertoires which were estimated using a capture-recapture 292 rarefaction method (38).
294
Analyses of the human light chain repertoire has revealed significant differences between individuals in 295 their CDR3 sequences and V gene usage (29, 30) . Indeed, in a study consisting of four humans, 296 approximately 60 percent of light chain rearrangements were present in more than one individual (30).
297
Furthermore, approximately 20 percent of light chain CDR3s were shared by more than one individual in 298 a study consisting of five humans (29). Our data also show substantial individual variation in the 299 molecular distribution of light chains in pigs; the most dominantly expressed sequences in some animals 300 are not present in others. These features are also characteristic of antibody heavy chains in other species 301 such as zebrafish (31, 32). However, since zebrafish have only ~300,000 B-cells and a heavy chain 302 richness of 1200-3700 unique antibodies per individual (31, 32), the actual diversity of antibodies 303 produced in a population will be distributed stochastically among individuals such that broad variation in 304 ability to respond to antigens will be a feature of the population more than the individual. The spleen of 305 swine and humans, alone, has a mass more than 100 times larger than a zebrafish (~150 g versus <1 g, 306 (33-36)), and with many additional lymphoid tissues, the total B-cell compartment of humans and large 307 animals is orders of magnitude larger than a zebrafish or mouse, whose spleen weighs about 100 mg (37). 308 Therefore, swine are a relevant model of human antibody diversification in which the immune response 309 capacity of individuals is critical to understanding variation in the effectiveness of immunity to 310 pathogens.
311
Figure 5. Distribution of amino acid sequence variation across light chain VJ region. The 448 distribution for IGLV3 includes IGLV3-3, IGLV3-4, IGLV3-5, and IGLV3-6 for which the former 449 is also shown separate due its greater genetic distance from the other three genes. 450 451 452
